The pyranoacridone alkaloid acronycine (1), which was first isolated from Acronychia baueri SCHOTT (Rutaceae) in 1948, [1] [2] [3] was later shown to exhibit antitumor properties in a panel of murine solid tumor models, including S-180 and AKR sarcomas, X-5563 myeloma, S-115 carcinoma, and S-91 melanoma. 4, 5) Nevertheless, its moderate potency and very low solubility in aqueous solvents severely hampered its clinical trials, which have given only poor results.
The pyranoacridone alkaloid acronycine (1) , which was first isolated from Acronychia baueri SCHOTT (Rutaceae) in 1948, [1] [2] [3] was later shown to exhibit antitumor properties in a panel of murine solid tumor models, including S-180 and AKR sarcomas, X-5563 myeloma, S-115 carcinoma, and S-91 melanoma. 4, 5) Nevertheless, its moderate potency and very low solubility in aqueous solvents severely hampered its clinical trials, which have given only poor results. 6) Consequently, the development of structural analogues with increased potency and/or better water solubility was highly desirable.
Our efforts to obtain more potent derivatives were guided by a hypothesis of bioactivation of the 1,2-double bond of acronycine into the corresponding epoxide in vivo. 7) Significant improvements in terms of potency were obtained with derivatives modified in the pyran ring, which had reactivity toward nucleophilic agents similar to that of acronycine epoxide but improved stability. Such compounds are exemplified by diesters of cis-1,2-dihydroxy-1,2-dihydroacronycine 8) and diesters of cis-1,2-dihydroxy-1,2-dihydrobenzo[b]acronycine (cis-1,2-dihydroxy-6-methoxy-3,3,14-trimethyl-1,2,3,14-tetrahydro-7H-benzo [b] pyrano [3,2- h]acridin-7-one). 9) Representatives of this latter series, such as diacetate 2, currently being developed under the code S23906-1, are considered valuable candidates for clinical studies. 10) Their mechanism of action implies alkylation of the 2-amino group of DNA guanine residues by the carbocation resulting from the elimination of the ester leaving group at position 1 of the drug. 11, 12) We describe here the synthesis and biological activities of a new series of cis-1,2-dihydroxy-1,2-dihydrobenzo[b]-acronycine diesters, including bis-diacid hemiesters, mixed diacid hemiesters, and dicarbamates. These compounds were conceived with the goal of obtaining novel drugs as potent as previously described diesters, 9, 12) but with improved solubility in aqueous solvents, which is particularly desirable when a parenteral formulation is envisaged.
Chemistry To obtain in a single experiment both (Ϯ)-
, the (Ϯ)-diol 5 9) was treated with 1.5 eq of succinic anhydride, in anhydrous pyridine, at room temperature, in the presence of 4-dimethylaminopyridine. After 17 h, a large excess of acetic anhydride was added to the reaction mixture, which was allowed to stand for a further 1.5 h. Column chromatography over silica gel gave the two desired diesters 3 and 4, in 56% and 20% yield, respectively. The same experimental procedure afforded (Ϯ)- (6) and (Ϯ)-cis-1-acetoxy-2-hemiglutaryloxy-1,2-dihydrobenzo[b]acronycine (7) when glutaric anhydride was used as an acylating agent instead of succinic anhydride.
bis-Dialkylcarbamates were obtained when the (Ϯ)-cisdiol 5 was treated with a slight excess of an appropriate N,Ndialkylcarbamyl chloride in the presence of potassium hydride in anhydrous tetrahydrofuran (THF) Table 1 . The four diacid hemiesters 3, 4, 6, and 7 were markedly cytotoxic, with IC 50 values within the same range of magnitude as diacetate 2, currently under preclinical development. The dimethylcarbamate 8 and diethylcarbamate 9 also exhibited significant antiproliferative activity. In contrast, the bulky diiso-propylcarbamate 10 and dibutylcarbamate 11 displayed only marginal activity when compared with the reference compound.
The perturbation of the cell cycle induced by these compounds was studied in the same cell line. Interestingly, the effects of the diacid hemiesters 3, 4, 6, and 7 were very similar to those previously described for diacetate 2.
13) All these compounds induced a partially reversible accumulation in the G 2 ϩM phases of the cell cycle at low concentrations, whereas higher concentrations induced an irreversible arrest in the S phase. The perturbations observed with carbamates 8 and 9 were somewhat different, suggesting that they should act, at the molecular level, through a different mechanism of action. Di-iso-propyl and dibutylcarbamates 10 and 11 did not induced any specific cell cycle perturbation. The four diacid hemiesters, which appeared as the most promising compounds from the above experiments, were further evaluated in vivo against the C38 colon adenocarcinoma implanted subcutaneously in mice.
14) Table 2 shows the results in terms of percentage of tumor growth (T/C), at the dose giving the best therapeutic effect without toxicity. Both hemiglutaryl esters 6 and 7 were highly efficient, inhibiting tumor growth by more than 85%.
Results and Discussion
The effects in terms of cytotoxicity of the esterification of carbamyl units depended upon the steric hindrance of the esterifying groups at positions 1 and 2. The best results were obtained with the less bulky N,N-dimethylcarbamate and N,N-diethylcarbamate 8 and 9, respectively. The four diacid hemiesters 3, 4, 6, and 7 displayed in vitro cytotoxic activities comparable with that of the reference compound 2. Moreover, the typical concentration-dependent perturbations they induced on the cell cycle were similar to those observed with 2. When tested against C38 adenocarcinoma, hemiglutaryl esters 6 and 7 gave better therapeutic effects than their hemisuccinyl conterparts 3 and 4. Complete inhibition of the tumor growth was achieved with cis-1-acetoxy-2-hemiglutaryloxy-1,2-dihydrobenzo[b]acronycine (7), which appears to be the most promising derivative of this new series.
Experimental
Chemistry The melting points were determined on a Leica VM apparatus and are not corrected. IR spectra (n max in cm Ϫ1 ) were obtained on a Perkin-Elmer 257 instrument. UV spectra (l max in nm) were determined in spectroscopic-grade MeOH on a Beckman Model 34 spectrophotometer. [Hz] ) and 13 C-NMR spectra were recorded at 400 and 100 MHz respectively, using a Bruker Avance 400 spectrometer. When necessary, the signals were unambiguously assigned by 2D NMR techniques: 1 H-1 H COSY, 1 H-1 H NOESY, 13 C-1 H HMQC, and 13 C-1 H HMBC. These experiments were performed using standard Bruker microprograms. Mass spectra were recorded with a Nermag R-10-10C spectrometer using fast atom-bombardment ionization (FAB-MS; matrix: thioglycerol) technique. Flash column chromatographies were performed using silica gel 60 Merck Hemiglutarates 6 and 7 were prepared in 34% and 22% yield, respectively, in a manner similar to that described for 3 and 4 when glutaric anhydride was used instead of succinic anhydride.
(Ϯ)-cis-1,2-Dihemiglutaryloxy-6-methoxy-3,3,14-trimethyl- (5) (50 mg, 0.12 mmol) in anhydrous THF (4 ml). The apropriate N,N-dialkylcarbamyl chloride (0.32 mmol) was added dropwise at Ϫ10°C and the mixture was stirred at room temperature. After 3 h, the reaction mixture was diluted with ethyl acetate (50 ml) and saturated NaHCO 3 aqueous solution (10 ml). The organic layer was washed with water, dried over anhydrous MgSO 4 , filtered, and evaporated under reduced pressure. The crude product was purified by silica gel column chromatography (solvent: CH 2 Cl 2 /MeOH 95 : 5) (8) or by recrystallization in acetone (9-11).
(Ϯ)-cis-1,2-Di-(N,N-dimethyl)carbamyloxy-6-methoxy-3,3,14-trimethyl- 
